ABSTRACT Non-orthogonal multiple access (NOMA) is envisioned as a key technology to enhance the spectrum efficiency for 5G cellular networks. Meanwhile, ambient backscatter communication is a promising solution to the Internet of Things (IoT), due to its high spectrum efficiency and power efficiency. In this paper, we are interested in a symbiotic system of cellular and IoT networks and propose a backscatter-NOMA system, which incorporates a downlink NOMA system with a backscatter device (BD). In the proposed system, the base station (BS) transmits information to two cellular users according to the NOMA protocol, while a BD transmits its information over the BS signals to one cellular user using the passive radio technology. In particular, if the BS only serves the cellular user that decodes BD information, the backscatter-NOMA system turns into a symbiotic radio (SR) system. We derive the expressions of the outage probabilities and the ergodic rates and analyze the corresponding diversity orders and slopes for both backscatter-NOMA and SR systems. Finally, we provide the numerical results to verify the theoretical analysis and demonstrate the interrelationship between the cellular networks and the IoT networks.
are three components: ambient radio-frequency (RF) source, backscatter device (BD), and reader. The BD transmits its information to the reader by reflecting the signals from the ambient RF source, which could be a legacy transmitter, through intentionally varying its load impedance without using dedicated RF components [17] . The AmBC takes place over the same spectrum as the RF source, and thus is a promising solution to future IoT.
AmBC technology has recently attracted much attention from both academia and industry [17] , [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . In [20] , the authors characterize the optimal RF source transmitted power and the optimal BD reflection coefficient to maximize the ergodic rate of the BD. The capacity of AmBC over legacy orthogonal frequency division multiplexing (OFDM) signal is derived in [21] . The transceiver design for AmBC has been studied extensively in [27] [28] [29] [30] , where the proposed schemes achieve comparable performance to the optimal detector with perfect channel state information under the same conditions in terms of bit error rate (BER) performance. Guo et al. [31] exploit the NOMA scheme to support massive BD connections.
A novel technique, referred to as symbiotic radio (SR) technique, is proposed in [34] for passive IoT using AmBC technique. In SR, the BD and the primary transmission form a symbiotic system, in which the primary transmitter (RF source) supports not only the primary transmission but also the IoT transmission, while the primary receiver is required to decode the information from the primary transmitter as well as the BD. Compared with AmBC, in SR, not only the RF source and the spectrum but also the receiver are shared with the primary transmission, and thus SR system can achieve better performance since the two types of transmissions can be jointly designed.
A. MOTIVATION AND CONTRIBUTIONS
In this paper, we propose a symbiotic system of cellular and IoT networks, referred to as backscatter-NOMA, which incorporates cellular NOMA and AmBC. In this system, a BS transmits information to one far-away cellular user and one nearby cellular user simultaneously in the same resource block. Meanwhile, a BD transmits its information to the nearby cellular user by reflecting the signals from the received BS signal. The far-away user only needs to decode its own information, while the nearby user needs to decode the information from both the BS and the BD, and thus the AmBC part can be viewed as an uplink NOMA. Therefore, in the proposed backscatter-NOMA, there exist two types of NOMA systems: a downlink NOMA system for cellular networks, and an uplink NOMA system for IoT networks.
For the far-away user, it decodes its own information by treating other signals as interference. For the nearby user, it decodes the information of the far-away user first, then its own information, followed by the BD information. There are two reasons for designing the decoding order in this way. First, the signal from the BS enters the backscatter link in a multiplicative way, and thus the nearby user can decode the information from the BD only if the signal from the BS is known. Second, due to the double fading effect, the backscatter link signal is weaker than the direct link signal from the BS, and thus it is easier for the nearby user to decode the direct link signal first. Based on the above observations, we see that the backscatter-NOMA system is different from conventional NOMA system and AmBC system, and thus the existing algorithms on both NOMA and AmBC systems cannot be directly applied to analyze the performance of the backscatter-NOMA system.
Interestingly, if the BS only serves the cellular user that decodes the BD information, the backscatter-NOMA system turns into the SR system, proposed in [34] , while if the BD does not work, the backscatter-NOMA system turns into a conventional NOMA system.
For the proposed backscatter-NOMA system, to understand how the NOMA and the SR affect each other, in this paper, we derive the closed-form expressions of the outage probabilities and ergodic rates for all relevant transmissions in the backscatter-NOMA system and the SR system. In addition, we analyze the diversity order in terms of outage probability and the slope in terms of ergodic rate for these two systems. Numerical results will be presented to verify the accuracy of our theoretical analysis and demonstrate the interrelationship between the cellular networks and IoT networks.
B. ORGANIZATION
The rest of the paper is organized as follows. In Section II, we establish the backscatter-NOMA system model and describe the SR system model. The theoretical expressions are derived for the outage probability and the diversity gain are analyzed in Section III. The analytical expressions in terms of the ergodic rate are derived in Section IV. Section V presents substantial numerical and simulation results for performance comparison and analytical validation. Finally, the paper is concluded in Section VI.
C. NOTATIONS
The main notations used in this paper is shown as follows. CN (µ, σ 2 ) denotes the complex Gaussian distribution with mean µ and variance σ 2 . E x (·) denotes the statistical expectation of x. F X (·) and f X (·) denote the cumulative distribution function (CDF) and the probability dense function (PDF) of a random variable X , respectively. Notation ∝ represents ''be proportional to''.
II. SYSTEM MODEL
In this section, we will provide a backscatter-NOMA model, which incorporates the IoT system with the conventional cellular system, and then an SR model and a conventional NOMA system, which are the special cases of the backscatter-NOMA system. Fig. 1 illustrates the downlink backscatter-NOMA system, which includes four nodes, namely, the BS, the BD, the nearby cellular user (User 1), and the far-away cellular user (User 2). Here, the BS transmits the superposition VOLUME 7, 2019 FIGURE 1. System Model.
message to User 1 and User 2 at the same resource block with different powers. The BD transmits its information to User 1 over the signal received from BS, and thus User 1 is also a IoT reader. In particular, User 1 decodes the information of User 2 first, then its own information, finally the BD information. This is achieved using successive interference cancelation (SIC) strategy. User 2, however, decodes its own information only.
As shown in Fig. 1 , denote by h 1 , h 2 , and f the channel responses from the BS to User 1, User 2, and BD, respectively, and by v 1 and v 2 the channel responses from the BD to User 1 and User 2, respectively. Without loss of generality,
. In what follows, we provide the received signal and signal-to-interferenceplus-noise ratio (SINR) models at User 1 and User 2.
A. RECEIVED SIGNALS AT USER 1
The superposition message at the BS can be written as
where x 1 (t) and x 2 (t) are the messages with unit power transmitted to User 1 and User 2, respectively, and p is the total transmit power of the BS with power allocation parameters α and 1 − α to x 1 (t) and x 2 (t), respectively, with 0 ≤ α ≤ 1. The BD backscatters the BS signal to User 1 with its own message c(t), where E[|c(t)| 2 ] = 1. Thus, User 1 receives two types of signals: direct link signal from the BS and the backscatter link signal from the BD. The received signals at User 1 can thus be written as
where β is a complex reflection coefficient used to normalize c(t) and n 1 (t) is the complex Gaussian noise at User 1 with n 1 (t) ∼ CN (0, σ 2 ). In the following, the SINR and signalto-noise ratio (SNR) are given with the assumption of perfect channel state information (CSI). User 1 first decodes x 2 (t), then x 1 (t), and finally c(t) with SIC technique. When decoding x 2 (t), the SINR is
Provided that x 2 (t) can be decoded successfully, it can be subtracted from y 1 (t), and then User 1 decodes its own message x 1 (t), in which the SINR is given by
Further, conditioned on perfectly decoding x 1 (t), the BD message c(t) can then be decoded at User 1 based on SIC technique. Given x(t), the SNR to decode c(t) at User 1 can be written as
B. RECEIVED SIGNALS AT USER 2
The received signals at User 2 can be written as
where n 2 (t) is the complex Gaussian noise at User 2 and follows n 2 (t) ∼ CN (0, σ 2 ). User 2 only decodes its own message x 2 (t) by treating other signal components as interference.
When decoding x 2 (t), the SINR is
As shown in Fig. 1 , if the BS does not serve User 2, the backscatter-NOMA system turns into an SR system. In this case, α is equal to 1, i.e., x(t) = √ px 1 (t). The received signal at User 1 in the SR system is expressed as (2) . In SR, User 1 first decodes x 1 (t) then c(t) and the corresponding SINR and SNR are given by (4) and (5) with α = 1, respectively. If the BD does not exist, the backscatter-NOMA system turns into a conventional downlink NOMA system.
In the following, we will analyze the performance for backscatter-NOMA system and SR system in terms of outage probability and ergodic rate. Since the performance of conventional NOMA system has been analyzed in [9] , and thus we omit it in this paper.
III. OUTAGE PROBABILITY
The outage probability is an important metric for performance analysis when the target rates of users are determined by their required quality of service (QoS). In this section, we will study the outage probability performance for the backscatter-NOMA system and the SR system.
A. OUTAGE PROBABILITY FOR BACKSCATTER-NOMA SYSTEM
The outage probability of User 2 is easier to analyze since User 2 only needs to decode its own information. Thus, in the following, we first develop the outage probability of User 2, and then the outage probability of User 1 followed by the BD outage probability.
1) OUTAGE PROBABILITY OF USER 2
According to NOMA protocol, the outage events of User 2 occur when User 2 cannot decode message x 2 (t) successfully. Denote by γ 2,T = 2 R 2 − 1 the target SINR to decode 20002 VOLUME 7, 2019 x 2 (t), where R 2 is the target rate for User 2. The outage probability of User 2 is expressed as
The following theorem provides the outage probability of User 2. Theorem 1: The outage probability of User 2 is given by
where a =
. It can be easily seen that Pr{γ 2,2 ≥ γ 2,T } = 0, when 1 − α − αγ 2,T < 0, i.e., a < α ≤ 1. The PDFs of |h 2 | 2 and |v 2 | 2 are
where (a) follows from Appendix A, K 0 (x) is the modified Bessel function of the second kind, and (b) is from Appendix B. Thus, Theorem 1 is proved. From Theorem 1, we find that P out,2 is a segmented function related to the power allocation parameter α. When a < α ≤ 1, the outage probability is equal to 1. The main reason is that the received SINR at User 2 is less than the target SINR of User 2 due to the large power allocation parameter α. In practice, the distance between BD and User 2 is large, and thus the interference from the backscatter link is negligible, based on which, we have
where (a) follows from Appendix C. Eq. (11) indicates that when the distance between BD and User 2 is large, the outage probability of User 2 is the same as that in the traditional NOMA system, just related with the power allocation parameter α, the target SINR of User 2 γ 2,T , and the average channel strength from BS to User 2 λ 2 . In this case, if α < a and p → ∞, we have P out,2 = 0, which means that when the power allocation parameter α satisfies α < a, the outage probability of User 2 goes to zero with high transmit power p. In addition, from (11), it is seen that, the smaller the power allocation parameter α, the lower the outage probability of User 2 P out,2 , when λ v,2 → 0, i.e., the distance between BD and User 2 is large.
2) OUTAGE PROBABILITY OF USER 1
With the backscatter-NOMA protocol, if User 1 fails to decode x 1 (t), we define this event as an outage event. To successfully decode x 1 (t), two conditions need to be met: 1) User 1 can decode x 2 (t) successfully, namely γ 1,2 ≥ γ 2,T ; 2) User 1 can decode its own information x 1 (t) successfully, namely γ 1,1 ≥ γ 1,T . Denote by γ 1,T the target SINR to decode x 1 (t), where γ 1,T = 2 R 1 −1 with R 1 the target rate for User 1. Then, the outage probability can be written as
According to the following theorem, the outage probability P out,1 can be obtained.
Theorem 2: The closed-form expression for the outage probability when decoding x 1 (t) at User 1 is given by
λ 1 , and B 3 = −αQ 3 Ei(−αQ 3 )
The details are given in Appendix D. From Theorem 2, it is easy to see that when a < α ≤ 1, the outage event always occurs for User 1, which is similar to case for P out,2 . The reason is that User 1 needs to decode x 2 (t) before x 1 (t). Hence, if User 1 fails to decode x 2 (t) due to the high α, the outage event happens. Furthermore, when α = 0, all transmit power p is allocated to the message of User 2, thereby outage event occurs for User 1. Next, we consider the effect of the BD on P out,1 . If |β| 2 goes to zero, i.e., the received energy from the backscatter link is low, according to Appendix C, we have the following insights: when a < α ≤ 1, or α = 0, the outage probability of User 1 is 1; when b < α ≤ a, the outage probability of User 1 is
; finally, when 0 < α ≤ b, the outage probability of User 1 is 1 − e − γ 1,T σ 2 pλ 1 α . The insights for P out,1 with |β| 2 → 0 are similar to that in the conventional NOMA system with two users, i.e., lim |β| 2 →0,p→∞ P out,1 = 0, when α ≤ a, α = 0. Furthermore, there is a trade-off phenomenon due to the power allocation parameter α. When α increases, it is more difficult to decode x 2 (t), which may result in the outage event for User 1, due to SIC. When α decreases, it is more difficult to decode x 1 (t), which also may result in the outage event for User 1. VOLUME 7, 2019 3) OUTAGE PROBABILITY OF BD Based on backscatter-NOMA protocol, if User 1 fails to decode c(t), we consider this event as the outage event of BD. From (5), the SNR expression contains the BS transmitted message x(t), which changes fast. For this case, according to [35] , the BD rate can be written as
where (a) follows from [36] . We define the ergodic SNR of BD asγ 1,c
Since R c is a monotonically increasing function ofγ 1,c , we use γ c,T as the target ergodic SNR corresponding to target rate R c,T for decoding BD signals. The BD message can be successfully decoded conditioned on perfectly decoded x 2 (t) and x 1 (t). Thus, the outage probability of BD is given by
The exact expression of the BD outage probability P outc is provided in the following theorem.
Theorem 3: The outage probability of BD is given by
where B 4 ≈
, and K is an accuracy-complexity tradeoff parameter. Proof: The details are given in Appendix E. Theorem 3 indicates that the outage probability of BD is related to the outage probability of User 1. When α ≤ a, α = 0, we have P out,c > P out,1 . The reason is that User 1 decodes x 1 (t) before c(t). If User 1 fails to decode x 1 (t), the outage event for BD happens. When the backscatter link SNR is low, according to Theorem 2, we know P out,1 → 0, while according to Theorem 3, the outage probability of BD P out,c → 1. This phenomenon indicates that when the received energy of the backscatter link is low, it is easier for User 1 to decode its own message successfully, but it is more difficult for User 1 to decode the message from BD. Hence, there is a trade-off between the outage probability of User 1 and that of BD about the reflection coefficient β.
B. OUTAGE PROBABILITY FOR THE SR SYSTEM
In this subsection, we first provide the outage probability of User 1 and then the outage probability of BD.
1) OUTAGE PROBABILITY OF USER 1
For SR, if User 1 can not decode x 1 (t) successfully, we define this event as the outage event. The outage probability of User 1 in SR is given by P SR out,1 = 1 − {γ 1,1 ≥ γ 1,T }. According to Appendix D, the outage of User 1 in SR is
In contrast to P out,1 , P SR out,1 is not a segmented function since the BS does not need to allocate power in SR. Similar to III-A.2, when p → ∞ and |β| 2 → 0, we have P SR out,1 → 0.
2) OUTAGE PROBABILITY OF BD
If User 1 fails to decode x 1 (t) or c(t), the outage event for BD occurs, and thus the outage probability of BD can be expressed as
As in Section III-A.3, there is a trade-off using the reflection coefficient β in P SR out,c .
C. DIVERSITY ORDER
To get more insights, we provide the asymptotic diversity order analysis in terms of outage probability in high SNR region. The definition of diversity order with outage probability is given by
1) OUTAGE PROBABILITY OF USER 2 IN BACKSCATTER-NOMA
Based on the result in (9), when the transmit power p goes to infinity, we have P out,2 = C, where C represents a constant.
Hence, according to the definition in (19) , the diversity order with outage probability for User 2 is d 2 = 0. The main reason is that when the transmit power increases, the interference from the BD increases. However, since the distance between User 2 and BD is usually large, the interference from backscatter link is negligible for User 2. In this case, based on (11), when α < a and p is large, the asymptotic outage probability of User 2, with e −x ≈ 1 − x, is given by
Therefore, the diversity order in terms of outage probability for User 2 is lim λ v,2 →∞ d 2 = 1.
2) OUTAGE PROBABILITY OF USER 1 IN BACKSCATTER-NOMA
From (13), it is seen that when the transmit power from BS goes to infinity, the outage probability of User 1 becomes a constant. The diversity order with outage probability for User 1 thus is d 1 = 0.
3) OUTAGE PROBABILITY OF BD IN BACKSCATTER-NOMA
It is difficult to analyze the diversity order in terms of outage probability for BD according to (16) directly. However, we have stated that P out,c P out,1 . Since d 1 = 0, we have that the diversity order in terms of outage probability for BD is d c = 0.
4) OUTAGE PROBABILITY OF USER 1 IN SR
From Section III-B.1, when p → ∞, P SR out,1 becomes a constant. Thus, the diversity order in terms of outage probability for User 1 in SR is d SR 1 = 0.
5) OUTAGE PROBABILITY OF BD IN SR
Similar to Section III-C.3, the diversity order in terms of outage probability for BD in SR is d SR c = 0.
IV. ERGODIC RATE
The ergodic rate is an important metric for performance analysis when the rates of users are determined by their channel conditions. Hence, in this section, we analyze the ergodic rates for all relevant transmissions in the backscatter-NOMA system and the SR system.
A. ERGODIC RATE FOR BACKSCATTER-NOMA SYSTEM 1) ERGODIC RATE FROM BS TO USER 1
In this subsection, we provide the ergodic rate from BS to User 1. On the condition that User 1 detects x 2 (t) perfectly, the ergodic rate from BS to User 1 is given by
By letting θ =
where f θ (θ) is the PDF of the random variable θ and F θ (θ ) is the CDF of the random variable θ . According to the definition of CDF, F θ (θ ) in (21) is given by
The PDFs of |h 1 | 2 , |f | 2 , and (22) can be calculated as
where (a) is obtained according to Appendix F, and (b) follows from Appendix B, and
U ,1 can be calculated as
From (24), we find it is difficult to obtain an accurate closedform expression for R 
Applying Gaussian-Chebyshev quadrature, we have
. (26) 2) ERGODIC RATE FROM BS TO USER 2
In this part, we provide the ergodic rate from BS to User 2. If we let ψ =
Since F (ψ) = Pr
, it is straightforward that when 1−α −αψ < 0, i.e., ψ > 1/α −1, we obtain F (ψ) = 0. When 1 − α − αψ > 0, we have
where
Substituting (28) into (27), we have
Then, applying Gaussian-Chebyshev quadrature, we have
3) ERGODIC RATE FROM BD TO USER 1
The rate from BD to User 1 can be written as
Using the definition of expectation, we have (31) on the bottom of the next page. When w is large, it is easy to show
decreases with w. Thus using the approximation in (25) , the term B 6 in (31) can be approximated as
where M is a large value. Applying Gaussian-Chebyshev quadrature, we have
Substituting (33) into (31), we have
It is difficult to obtain a closed-form expression for (34). Thus we again use the approximation in (25) and obtain
where ϕ n = cos[(2n − 1)π/(2N )] and N is an accuracycomplexity tradeoff parameter.
B. ERGODIC RATE FOR SR SYSTEM 1) ERGODIC RATE FROM BS TO USER 1
In SR, the ergodic rate from BS to User 1 can be written as
which is equal to (20) with α = 1. Thus the ergodic rate from BS to User 1 in SR is equal to (26) with α = 1.
2) ERGODIC RATE FROM BD TO USER 1
In SR, the expression of ergodic rate from BD to User 1 R SR c is the same with (30) . Therefore, the closed-form expression of R SR c is written as (36).
C. SLOPE ANALYSIS
In this section, we evaluate the high SNR slope, which is an important metric for ergodic rate. The slope for high SNR region is defined as
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1) ERGODIC RATE FROM BS TO USER 1 IN BACKSCATTER-NOMA
From (26), it is seen that when the transmitted power goes to infinity, the ergodic rate from BS to User 1 goes to a constant based on the Appendix C. According the definition of slope in (38), we have that the slope in terms of ergodic analysis from BS to User 1 is S U ,1 = 0.
2) ERGODIC RATE FROM BS TO USER 2 IN BACKSCATTER-NOMA
Similar to IV-C.1, based on (29), the ergodic rate for from BS to User 2 goes to a constant, when p → ∞. According to (38), the slope in terms of ergodic rate from BS to User 2 is S U ,2 = 0.
3) ERGODIC RATE FROM BD TO USER 1 IN BACKSCATTER-NOMA
To analyze the slope in terms of ergodic rate from BD to User 1, we give the following approximations. When x → 0, we have Ei(−x) ≈ ln(x) + C [36] and e x ≈ 1 + x, where C is a Euler constant. Thus, when the transmitted power p goes to infinity, the ergodic rate from BD to User 1 in (36) becomes
Substituting (39) into (38), we have the slope in terms of ergodic rate from BD to User 1, as follows:
4) ERGODIC RATE FROM BS TO USER 1 IN SR
Similar to IV-C.1, in SR, the slope in terms of ergodic rate from BS to User 1 is S SR U 1 = 0.
5) ERGODIC RATE FROM BD TO USER 1 IN SR
Similar to IV-C.3, in SR, the slope in terms of ergodic rate from BD to User 1 is S SR c ≈ 0.332.
V. NUMERICAL RESULTS
In this section, numerical results are presented to evaluate the proposed performance of the backscatter-NOMA system and the SR system. Here, the target rates for User 1, User 2, and BD are R 1 = 1, R 2 = 1, and R c,T = 0.1, respectively. In addition, we set
For the sake of simplification, we assume the noise power is 1, i.e., σ 2 = 1. Furthermore, for comparison, we also provide the performance of OMA systems, where the BS transmits x 1 (t), x 2 (t), and sine wave for User 1, User 2, and BD in three orthogonal resource blocks, respectively. In what follows, we provide the outage probability performance and the ergodic rate performance for the backscatter-NOMA system and the SR system.
A. OUTAGE PROBABILITY Fig. 2 illustrates the outage probabilities of User 1, User 2, and BD in the backscatter-NOMA system and the outage probabilities of User 1 and BD in the SR system, with α = 0.3. In this figure, the curves are obtained from the analytical results derived in (9), (13), (16), (17) and (18), respectively, while the dotted lines are obtained by averaging over 10 4 Monte Carlo simulations runs. From Fig. 2 , it is seen that the curves of theoretical analysis perfectly match the dotted lines of the simulation results. In addition, for backscatter-NOMA system the outage probabilities of the BD and the two cellular users decrease with the increase in the BS transmit power p and converge to certain values, respectively, when p is large, which is consistent with our theoretical analysis in Section III-C. The above observation is also made in SR. The outage performance is improved with smaller β for the two cellular users in backscatter-NOMA (or User 1 in SR system) since the lower β means the lower backscatter link interference. For BD, the outage probability decreases as β increases at low SNR, but increases at high SNR for both backscatter-NOMA and SR systems. The reason is that if User 1 can not decode x 2 (t) and x 1 (t) successfully in backscatter-NOMA (or x 1 (t) in SR), the outage event happens. Furthermore, the outage probability of User 1 in SR is lower than that in backscatter-NOMA since BS serves User 1 with all power and User 1 is not required to decode x 2 (t) in SR. The outage performance of BD in SR is better than that in backscatter-NOMA. The main reason is that the the outage performance of User 1 is improved in SR compared with that in backscatter-NOMA. Fig. 3 compares the outage performance for backscatter-NOMA scheme and that for OMA scheme with α = 0.3. From this figure, it is seen that the outage performance of backscatter-NOMA is better than that of OMA when the BS transmit power p is not large enough, while is worse when p is large. The main reason is that the backscatter-NOMA system is spectrum-efficiency through exploiting the power domain, while the outage probabilities of backscatter-NOMA system have floors according to the analysis in Section III-C. This phenomenon indicates that the cellular networks can achieve the gain of the NOMA under the influence of the IoT networks when the power from BS is not large enough. In addition, we plot the curve of the outage probability of User 2 with λ v,2 → 0 based on (11) in this figure. In this case, the diversity order is d 2 = 1, which is consistent with the analysis in Section III-C.1. Fig. 4 plots the effect of power allocation parameter α on the outage performance with p = 40 dB and β = 0.1. It can be seen that the outage probability for User 2 increases with increasing α and equals 1 when α = 0.5 due to the increase of interference and the decrease of its own message power, which validates the analysis in Section III-A.1. The outage probability of User 1 decreases first and then increases with the increase in α since User 1 needs to decode x 2 (t), which is consistent with the analysis in Section III-A.2. In backscatter-NOMA, the outage probabilities P out,1 and P out,2 increase as β grows. The main reason is that when β increases, the interference from backscatter link increases, thereby leading to the increase in P out,1 and P out,2 . Similar to the above observation, in SR, the outage performance of User 1 decreases with the increase of β due to the same reason. In addition, from this figure, it can be seen that the outage probability for BD decreases first and then increases with the increase in β whether for backscatter-NOMA or SR. The main reason is that when β is large, it becomes more difficult for User 1 to decode its own message successfully. However when β is small, it is easier for User 1 to decode its own message successfully, but difficult for User 1 to decode the message from BD, which is consistent with the theoretical analysis in Section III-A.3 and Section III-B.2. In addition, when p = 40 dB, for backscatter-NOMA, the optimal β is around 0.075, while for SR, the optimal β is around 0.1. Fig. 6, Fig. 7, and Fig. 8 illustrate the ergodic rate from BS to User 1, the ergodic rate from BS to User 2, and the ergodic 20008 VOLUME 7, 2019 FIGURE 6. Ergodic rate from BS to User 1 versus BS transmit power p. rate from BD to User 1, respectively, versus BS transmit power p in the backscatter-NOMA. Fig. 6 also plots the ergodic rate from BS to User 1 versus BS transmit power p in the SR system. It is noteworthy that the ergodic rate from BD to User 1 in SR is the same as that in backscatter-NOMA, and thus in Fig. 8 , we omit the curves in SR. Similar to Fig. 2,   FIGURE 9 . Sum ergodic rate for backscatter-NOMA system versus BS transmit power p.
B. ERGODIC RATE
in these figures, the dotted lines are obtained by averaging over 10 4 Monte Carlo simulations runs, while the curves are obtained from the analytical results derived in (26), (29), and (36), respectively. From Fig. 6, Fig. 7 , and Fig. 8 , it can be seen that the curves of analytical results perfectly match the dotted lines of the simulation results. From Fig. 6 , the ergodic rate R (e) U ,1 increases with the increase in α since the larger α means the higher SINR based on (4). From Fig. 7 , the ergodic rate R (e) U ,2 decreases with the increase in α since the SINR decreases with the increase in α according to (7) . However, the ergodic rate R (e) c stays unchanged as α grows. The main reason is that the BD reflects all transmit power p from the BS, not related with power allocation parameter α, which can be seen in (36) . In addition, as β grows, the ergodic rates R U ,2 decrease due to the increase in interference from backscatter link. However, the ergodic rate R (e) c increases when β increases since the SNR γ 1,c |x increases with the increase in β based on (5) . In these figures, we also provide the ergodic rate from BS to User 1, the ergodic rate from BS to User 2, and the ergodic rate from BD to User 1 based on OMA protocol. From Fig. 6 and Fig. 7 , it is seen that the backscatter-NOMA system performs better than OMA system in terms of the ergodic rate from BS to User 1 and the ergodic rate from BS to User 2 at low SNR, while worse at high SNR. This phenomenon indicates that at low SNR, User 1 and User 2 obtain the gain of NOMA protocol in terms of ergodic rate compared with OMA system. When p is large, R U ,2 equal to 0 according to Section IV-C.1 and Section IV-C.2 due to the existence of backscatter link interference. From Fig. 8 , it is seen that the ergodic rate from BD to User 1 in backscatter-NOMA system is always better than that in OMA system. Furthermore, in Fig. 8 , the slope analysis in Section IV-C.3 is verified, i.e., S c = 0.33. Fig. 9 compares the sum ergodic rate in backscatter-NOMA system and that in OMA system. From this figure, it is easy to find that the sum ergodic rate for backscatter-NOMA is always better than that for OMA. This phenomenon indicates that the backscatter-NOMA system can obtain the gain of the NOMA protocol. In addition, from Fig. 9 , we find the performance gap is not obvious for different α and different β. c with the increase in α is the same with that in Fig. 6, Fig. 7, and Fig. 8 , which has been described. From Fig. 10 , we find the sum rate increases as α grows. The main reason is that the speed of the increase in R c . From this figure, it is seen that the minimal rate increases first and then decreases with the increase in α. For this metric, we can obtain the optimal α to maximize the minimal rate by linear search, which is around 0.1 in the set up of this figure. Fig. 11 illustrates the effect of reflection parameter β on the ergodic rate performance with p = 40 dB and α = 0.3 in backscatter-NOMA and SR. Similar to Fig. 10 , in this figure, we plot the curves of the sum rate and the minimal rate between R (e)
U ,2 , and R (e) c versus β. It is seen that the sum rate decreases first and then increases with the increase in β. When β = 0 or β = 1, the sum ergodic rate is at maximal. This behavior indicates that to maximize the sum rate, the signals from backscatter link should be zero or at maximal. In addition, the minimal rate increases first and then decreases as β grows. Thus, using this metric we can formulate an optimization problem:
Linear search can be used to solve the problem in (41). In the set up of this figure, when β = 0.1, the minimal rate is at maximal, but the sum rate is at minimal. Therefore, there is a trade-off between the fairness and the effectiveness.
VI. CONCLUSIONS
This paper has studied the interrelationship of the cellular and IoT networks, and proposed a backscatter-NOMA system, which incorporates cellular NOMA and SR. We have analyzed the outage probability and the ergodic rate for the backscatter-NOMA system and the SR system. We have provided the closed-form expressions of the outage probabilities and the ergodic rate for these two systems. In addition, we have analyzed the diversity orders in terms of outage probability and the slopes in terms of ergodic rate. Numerical results have been presented to validate our analysis by comparing it with the simulation results.
where (a) can be obtained from [36] .
APPENDIX B
It is reported in [36] that, for any ς and Re ε > 0, we have
, ρ dρ, the function f (x) can also be written as f (x) = −xe x E 1 (x) with x > 0 due to E 1 (x) = −Ei(−x), for positive x. For positive real value x, we have
we have lim x→∞ x ln(1 + 1 x ) = 1. According to squeeze theorem, we have lim x→∞ xe x E 1 (x) = 1, which means lim x→∞ f (x) = −1.
APPENDIX D PROOF OF THEOREM 2
Substituting (3) and (4) 
}}. It is easy to obtain the PDFs of |h 1 | 2 , |f | 2 , and |v 1 | 2 , which are
. It is easy to obtain 
